The standard (p°) 0.1 MPa) molar enthalpies of formation for 2-, 3-, and 4-phenylpyridine in the gas phase were derived from the standard molar enthalpies of combustion, in oxygen, at 298.15 K, measured by static bomb combustion calorimetry. The standard molar enthalpies of vaporization for 2-, 3-, and 4-phenylpyridine at T ) 298.15 K were measured by correlation-gas chromatography. The enthalpy of sublimation of 4-phenylpyridine was obtained as a weighted mean of the value derived from the vaporization and fusion enthalpy values and the value measured directly by Calvet microcalorimetry. The following enthalpies of formation were then derived: 2-phenylpyridine, g ) 228.3 ( 5.8 kJ‚mol -1 ; 3-phenylpyridine, g ) 240.9 ( 5.5 kJ‚mol
Introduction
The study of the thermochemical parameters of aromatic heterocycles, namely pyridines, bipyridines, quinolines, diazines, and benzodiazines, has been a continuing interest in our laboratory. 1 It is our aim to enlarge the thermochemical data base of these substances in order to gain an understanding of the energetic effects of substitutions in the ring and their dependence both on the number of nitrogen atoms and their relative positions to the heteroatom.
In the present work, we report the standard molar enthalpies of formation of the three isomers of phenylpyridine, at T ) 298.15 K, obtained from measurements of combustion energies using a static bomb combustion calorimeter, and values for the enthalpies of vaporization of the ortho and meta compounds measured by correlation-gas chromatography, and the enthalpy of sublimation of the para isomer determined both by Calvet microcalorimetry and combined correlation-gas chromatography-differential scanning calorimetry. Ab initio calculations were performed in order to obtain the most stable geometries for these molecules. The good agreement obtained between the experimentally and theoretically derived enthalpies of formation of the phenylpyridines provided us with a theoretical interpretation of the effect the position of the phenyl ring has on the relative stabilities of the three molecules.
Experimental Section
Materials. The phenylpyridines were obtained commercially from Aldrich Chemical Co., and they were purified by repeated vacuum distillation or sublimation until the combustion results were consistent and the carbon dioxide recovery ratios were satisfactory. The average ratios, together with the standard deviation of the mean, of the mass of carbon dioxide recovered to that calculated from the mass of sample were as follows: 2-PhPy, 1.0007 ( 0.0002; 3-PhPy, 0.9997 ( 0.0005; 4-PhPy, 1.0001 ( 0.0005. The densities of the samples were as follows: 2-PhPy, F ) 1.08 g‚cm -3 ; 2 3-PhPy, F ) 1.08 g‚cm -3 ; 2 4-PhPy, F ) 1.14 g‚cm -3 . 2 Combustion Calorimetry. The combustion experiments were performed in Porto with a static bomb calorimeter. The apparatus and technique have been described. 3, 4 Benzoic acid (Bureau of Analysed Samples, Thermochemical Standard, BCS-CRM-190 p) was used for calibration of the bomb. Its massic energy of combustion is ∆ c u ) -26 432.3 ( 3.8 J‚g -1 , under certificate conditions. The calibration results were corrected to give the energy equivalent cal corresponding to the average mass of water added to the calorimeter: 3119.6 g. In the experiments of 2-and 3-phenylpyridine, the bomb used was a Parr model 1105, cal ) 15 911.2 ( 1.5 J‚K -1 . For 4-phenylpyridine we used a Parr model 1108, cal ) 16 013.9 ( 1.7 J‚K -1 . The uncertainties quoted are the standard deviations of the mean unless otherwise noted. For all experiments, ignition was made at T ) 298.150 ( 0.001 K. Combustion experiments were made in oxygen at p ) 3.04 MPa, with 1.00 cm 3 of water added to the bomb. The electrical energy for ignition ∆U(ign) was determined from the change in potential difference across a capacitor when discharged through the platinum ignition wire. For the cotton thread fuse, the empirical formula CH 1.686 O 0.843 , ∆ c u°) -16 250 J‚g -1 was used. 5 The corrections for nitric acid formation ∆U(HNO 3 ) were based on -59.7 kJ‚mol -1 for the molar energy of formation of 0.1 mol‚dm -3 HNO 3 (aq) from N 2 , O 2 , and H 2 O(l). 6 Sealed Melinex bags were used in combustion of the liquid 2-and 3-PhPy, using the technique described by Skinner and Snelson, 7 who determined the specific energy of combustion of dry Melinex as ∆ c u°) -22902 ( 5 J‚g -1 . 7 This value was confirmed in our laboratory. The mass of Melinex used in each experiment was corrected for the mass fraction of water (0.0032). 7 Hexadecane was used as an auxiliary in the combustion experiments of 4-phenylpyridine to make them complete, ∆ c u°) -47 076.7 ( 3.3 J‚g -1 .‚ The amount of substance m(compound) used in each experiment was determined from the total mass of carbon dioxide m(CO 2 , total) produced after allowance for that formed from the cotton thread fuse, hexadecane, and Melinex and that lost due to carbon formation. Corrections for carbon formation were based on ∆ c u°)
33 kJ mol -1 . 8 An estimated pressure coefficient of specific energy, (∂u/∂p) T ) -0.2 J‚g -1 ‚MPa -1 at T ) 298.15 K, a typical value for most organic compounds, was assumed. For each compound, the massic energy of combustion, ∆ c u°, was calculated by the procedure given by Hubbard et al. 8 The molar masses used for the elements were those recommended by the IUPAC comission. 9 Enthalpies of Vaporization and Sublimation. The vaporization enthalpies of 2-, 3-, and 4-phenylpyridine at 298.15 K were measured in St. Louis by correlation gas chromatography. Separation of two of the three isomers was not achieved by the gas chromatographic column used and therefore all three isomers were analyzed independently. The 2-and 4-isomers were also analyzed simultaneously in a single mixture. 11 Vaporization enthalpies measured at temperatures other than 298.15 K were corrected to this temperature. The solvent used was methylene chloride which was not retained by the column at the temperatures of the experiments (435-490 K) and was used to correct for the dead volume of the column. The adjusted retention time of each component in the mixture, which is inversely proportional to the vapor pressure of the solute, was plotted on a logarithmic scale against the reciprocal absolute temperature over a temperature range of approximately 35 K over 5 K intervals. The plot resulted in straight lines characterized by correlation coefficients (r 2 ) that exceeded 0.999 in all cases. The enthalpy of transfer from solution to the vapor for each of the components of the mixture, obtained by multiplying the magnitude of the slope of the line by the gas constant, R, was correlated with its vaporization enthalpy at T ) 298.15 K. Good linear correlations were observed with correlation coefficients (r 2 ) that exceeded 0.977. This demonstrates that enthalpies of transfer and vaporization enthalpies of hydrocarbons and tertiary amines correlate with each other in a linear fashion. The vaporization enthalpy for each of the phenylpyridines was obtained from the correlation equations and their enthalpies of transfer. With the exception of 3-phenylpyridine, the error associated with each vaporization enthalpy was derived from the standard deviation associated with the results obtained using different mixtures.
4-Phenylpyridine is a solid at room temperature. The fusion enthalpy of 4-phenylpyridine was measured on a Perkin-Elmer DSC-7. A fusion enthalpy of 19.95 ( 0.04 kJ‚mol -1 , the mean of four determinations, was obtained at T ) 346.9 K. The sublimation enthalpy of 4-phenylpyridine was obtained by combining the vaporization enthalpy, 68.4 ( 3.5 kJ‚mol -1 (298.15 K), with the fusion enthalpy adjusted to T ) 298.15 K according to the protocol described recently. 11 Heat capacities used for the temperature corrections were estimated. 17 The enthalpy of sublimation of 4-phenylpyridine was also measured in Porto by using the "vacuum sublimation" drop microcalorimetric method. 18 Samples, about 3-5 mg, contained in thin glass capillary tubes sealed at one end, were dropped, at room temperature, into the hot reaction vessel, in a high-temperature Calvet microcalorimeter held at T ) 367 K, and then removed from the hot zone by vacuum sublimation. The observed enthalpy of sublimation was corrected to T ) 298.15 K by using the value of ∆ 298.15K T H°m (g) estimated by a group method with values from Stull et al. 19 The microcalorimeter was calibrated in situ for these measurements by using the reported enthalpy of sublimation of naphthalene. 20
Experimental Results
Results for a typical combustion experiment of each compound are given in Table 1 , where ∆m(H 2 O) is the deviation of the mass of water added to the calorimeter from 3119.6 g, and ∆U Σ is the correction to the standard state. The remaining quantities are as previously described. 6 As samples were ignited at T ) 298.15 K where ∆U(IBP) is the energy associated with the isothermal bomb process, f is the energy of the bomb contents after ignition, and ∆T ad is the adiabatic temperature rise. The individual results of all combustion experiments, together with the mean value and standard deviation, are given for each compound in Table 2 . Table 3 lists the derived standard (p°) 0.1 MPa) molar energies and enthalpies of combustion, ∆ c U°m (cr,l) and ∆ c H°m (cr,l), and the standard molar enthalpies of 
formation for the compounds in the condensed phase, ∆ f H°m (cr,l), at T ) 298.15 K. In accordance with normal thermochemical practice, the uncertainties assigned to the standard molar enthalpies of combustion are, in each case, twice the overall standard deviation of the mean and include the uncertainities in calibration 21 and in the values of the auxiliary quantities. To derive ∆ f H°m (cr,l) from ∆ c H°m (cr,l) the standard molar enthalpies of formation of H 2 O(l) and CO 2 (g), at T ) 298.15 K, -285.830 ( 0.042 22 and -393.51 ( 0.13 kJ‚mol -1 , 22 respectively, were used. Measurements of the enthalpies of sublimation and of vaporization ∆ cr,l g H°m are given in Table 4 with uncertainties of twice the standard deviation of the mean. The error associated with the vaporization enthalpy of 3-phenylpyridine, which was analyzed in only one mixture, was derived from the standard error associated with the slope of the correlation equation. The uncertainty represents two standard deviations. The value for the standard molar enthalpy of sublimation of 4-phenylpyridine is the weighted mean of the experimental values determined by Calvet microcalorimetry 80.2 ( 1.8 kJ‚mol -1 and by chromatography 86.1 ( 3.5 kJ‚mol -1 . The derived enthalpies of formation, in both the condensed and gaseous phases, for all the compounds are also summarized in this table.
Ab Initio Calculations
The equilibrium geometries of all phenylpyridine isomers have been obtained through full geometry optimization within the framework of two different theoretical approaches: restricted Hartree-Fock (RHF) theory and density functional theory (DFT). For both sets of calculations the molecular wave functions were represented in terms of the Pople split-valence plus polarization 6-31G* basis set. 23 In addition, in the DFT calculations we used the B3LYP 24 hybrid exchange-correlation energy functional to represent the exchange and correlation energy potentials. Since it is a well-documented fact that RHF theory at the 6-31G* level provides equilibrium geometries which are in very good agreement with experiment, our option of obtaining the equilibrium geometries through the use of two different calculation procedures aimed to assess if the differences between the DFT/B3LYP and the RHF/6-31G* equilibrium geometries are small enough to support the choice of the least expensive RHF/6-31G* method.
The optimum geometries obtained by the two methods are shown in Table 5 . In each molecule the bond between the two rings links the carbon atom number 1 in the pyridine ring to the carbon atom number 7 in the phenyl ring, so the nitrogen atom in 2-phenylpyridine has the number 2, in 3-phenylpyridine it is the number 3, and in 4-phenylpyridine it is the number 4. For the sake of conciseness, we omitted the geometrical parameters relative to the hydrogen atoms. As can be seen from that table, the results from both methods are consistent with each other and very similar. The B3LYP calculations predict systematically larger bond lengths but the differences are, however, very small and lie in the range 0.01-0.02 Å, with the largest differences occurring for the C-N bonds. Similarly, the bond angles are predicted by both methods with deviations from each other not exceeding 0.5°, the largest deviation occurring when the central atom is the most electronegative nitrogen atom. Large deviations of about 7°-9°are however obtained for the inter-ring twisting angles. This is a critical parameter which is determined by the delicate balance of several interactions between the atoms constituting the two rings: on one hand there are the repulsions between the (ortho) hydrogen atoms of different rings, which tend to maintain them in orientations close to mutual perpendicularity. On the other hand, the possibility of a stabilizing interaction between the π electronic clouds of the two rings, leading to extended electronic delocalization across the rings, is clearly favored by the planar conformation of the molecules. This extended electronic delocalization manifests itself in the values of the inter-ring C-C bond (1-7) through which it occurs. As can be seen from Table  5 , this bond has a length which lies between that of a pure single bond (ca. 1.53 Å) and that of a pure double bond (ca. 1.33 Å). The resulting balance between these opposing properties determines the equilibrium value of the inter-ring twisting angle. Both calculational methods predict nonplanar conformations for all phenylpyridines, which are consistent with the properties mentioned above even though the results show some variations. Thus, the RHF calculations predicted the inter-ring twist angle to be 27.9°(2-PhPy), 45.6°(3-PhPy), and 43.5°(4-PhPy), while the corresponding predictions of DFT are 20.7°(2-PhPy), 37.9°( 3-PhPy), and 36.0°(4-PhPy). The accuracy of the above results can be assessed from the estimated inter-ring twist angles and bond lengths of (45.5°, 1.491 Å) and (39.3°, 1.485 Å) obtained in this work for the biphenyl molecule with RHF and DFT/ B3LYP methods, respectively. These figures compare very well with the experimental gas-phase values of 44.1°( 1.2°and 1.507 ( 0.004 Å, obtained from electron diffraction measurements, 25 even though DFT calculations seem to overestimate slightly the π electron delocalization across the two rings, thus leading to smaller bond lengths and twist angles. We can thus conclude that both methods of calculation give reliable predictions of the equilibrium geometries of the molecules studied and the equilibrium geometries obtained with the RHF method can be safely accepted. However, noncorrelated RHF results are of course useless when one tries to accurately describe reaction energetics; for that purpose the DFT results must be used. In addition to the mentioned DFT calculations, we also calculated the energies of the phenylpyridines using DFT/B3LYP with the 6-31G** basis set 23 and DFT calculations together with the Becke nonlocal exchange functional 26 and the Perdew nonlocal correlation functional. 27 In the last calculations, denoted BP88 in the Tables 6 and 7 , we used a double-zeta quality basis set, including polarization functions on first-row atoms, which has been properly optimized for DFT calculations. In this basis set, usually denoted DZVP2, the H atoms have a (41) contraction pattern (using Huzinaga notation 28 ) whereas the first-row atoms have a (721/51/1) contraction pattern. It is thus roughly equivalent in size to the conventional Pople 6-31G* basis set. In all B3LYP calculations the molecules were considered at their most stable B3LYP/6-31G* geometries, while for the BP88 calculations we adopted their equilibrium RHF/6-31G* geometries. All RHF and B3LYP calculations were performed using the UK version of program GAMESS 29, 30 while the DFT/BP88 calculations were performed using an academic version of the deMon program. 31, 32 The results of all calculations are collected in Table 6 , where we also included, for comparison purposes, the energy of biphenyl obtained from analogous calculations.
In addition, estimates of the Hessian matrices were obtained for all phenylpyridine isomers, using RHF calculations and the 3-21G basis set. 33 These force constant matrices provide the information needed to correct for the temperature effects on the reaction energies obtained at T ) 0 K. The reason for the choice of this basis set was dictated by the need to avoid the enormous amount of CPU time required for the same calculations with the more complete 6-31G* basis set and by the well-known fact that vibrational frequencies estimated from the two basis sets uniformly overestimate experimental ones by about 10%. The resulting vibrational frequencies were thus scaled by the factor 0.9.
The relative stability of the phenylpyridines can be assessed through the energy (or enthalpy) variation of the reactions which are likely to produce a substantial cancellation of the correlation errors introduced in the calculations, since they are of the isodesmic type. On the other hand, the use of such reactions provides estimates of the stabilizing effect of electronic delocalization and, since the auxiliary simple molecules are well studied experimentally, we will be also able to estimate the enthalpies of formation of the phenylpyridines.
The corresponding bond separation reaction for biphenyl is
The energies of all auxiliary molecules have also been obtained using the same calculation procedures described for phenylpyridynes. The resulting reaction energies at T ) 0 K and enthalpies at T ) 298 K are presented in Table 7 , together with the corresponding experimental estimates. We can see from the results in this table that, with the exception of biphenyl, the energetics of the bond separation reactions are fairly well reproduced by all the calculation methods, the better results being those obtained from B3LYP/6-31G** calculations, which are in error by at most 15 kJ mol -1 . This fact means that this calculation method is able to predict the enthalpies of formation of phenylpyridines as -237.2, -255.8, and -255.1 kJ‚mol -1 , respectively, for 2-phenylpyridine, 3-phenylpyridine, and 4-phenylpyridine. This with errors which are not larger than 15 kJ mol -1 . On the other hand, biphenyl represents the worst case studied, since all calculation methods predict the energetics of its bond separation reaction with large errors of about 40 kJ mol -1 . These large errors are unlikely solely the result of the calculations. A portion of the error can be traced back to the weakness of using bond separation reactions involving a great number of molecules, thus amplifying the individual errors either in the calculated energies or in the experimental formation enthalpies. Thus, if, instead of the bond separation reaction for biphenyl, we consider the following reaction we will obtain the following values for the enthalpy of formation for biphenyl: 180.8, 186.8, and 187.0 kJ mol -1 , respectively, from the measured enthalpy of formation of 2-phenylpyridine, 3-phenylpyridine, and 4-phenylpyridine, and the calculated B3LYP/6-31G** energies. These results are in very good agreement with the experimental value of 182.0 ( 0.7 kJ mol -1 for the enthalpy of formation of biphenyl. 34 As we have seen earlier in Table 5 , the inter-ring C-C bond (1-7) of the phenylpyridines seem to have a very similar percentage of double bond character for all isomers, a result that follows from the almost constant bond length predicted from our geometry optimizations. This suggests that these bonds should also have the same intrinsic strength for all isomers. The strength of this bond has been calculated from the DFT/B3LYP results as the energy variation of the dissociation reactions of the phenylpyridines and biphenyl. The bond dissociation energies (at T ) 0 K) obtained with the 6-31G** basis set were 480.0, 466.1, 482.8,and 479.4 kJ mol -1 for biphenyl, and 2-, 3-, and 4-phenylpyridine, respectively. The corresponding experimental bond dissociation enthalpy at T ) 298 K for biphenyl is 496.0 kJ‚mol -1 , in good agreement with the above value. The bond dissociation energy predicted for the 3-and 4-isomers of phenylpyridine are very similar to that predicted for biphenyl, a fact which is consistent with the nearly constant double-bond character of the C-C inter-ring bonds observed for all molecules studied. However, for 2-phenylpyridine we predict a bond dissociation energy which is lower by about 14 kJ‚mol -1 relative to the other isomers, in contrast with the observed and the predicted stability order of phenylpyridines. The main reason for this lowering of the bond dissociation energy is a corresponding higher stabilization of the 2-pyridyl radical relative to the other isomeric radicals, which is a result of a favorable interaction between the nitrogen lone electronic pair and the unpaired electron at the neighboring carbon atom, when this is located at the ortho position. The occurrence of such a stabilizing interaction can be evidenced by a natural bond orbital (NBO) analysis 35 of the RHF/6-31G* molecular orbitals. In this way we observed that, in 2-phenylpyridine, the natural localized molecular orbital (NLMO) representing the lone pair of electrons on nitrogen shows a considerable contribution of 0.7% from the hybrid orbital representing the lone electron on the carbon atom. This is in fact the second largest contribution to that localized orbital. The corresponding contributions for 3-and 4-phenylpyridine are 0.3% and 0.02%, respectively. Thus, the lowering of the bond dissociation energy of 2-phenylpyridine is mainly the result of a higher stability of the corresponding pyridyl radical, instead of being associated with a greater instability of the molecule.
